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The Nodal Pathway Acts Upstream of Hedgehog
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origins, with prospective hypothalamic cells moving
from more posterior regions to the medial anterior neural
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Some aspects of DV patterning of the CNS are con-Gower Street
served along its entire AP extent. In particular, theLondon WC1E 6BT
Hedgehog (Hh) signaling pathway is required for specifi-United Kingdom
cation and patterning of ventral cell types at all axial†University Freiburg
levels (Rubenstein and Beachy, 1998). Within the trunk,Institute Biology 1 (Zoology)
Sonic hedgehog (Shh) may act as a morphogen speci-Department of Developmental Biology
fying different classes of neurons along the DV axis ofHauptstr. 1
the hindbrain and spinal cord (e.g., Briscoe et al., 2000).D-79104 Freiburg
In anterior regions of the CNS, mice lacking Shh functionGermany
have severe deficiencies that result in an absence of
ventral forebrain structures and cyclopia (Chiang et al.,
1996). Various in vitro and in vivo assays support a roleSummary
for Hh signaling in patterning both the diencephalon and
the telencephalon. Hh proteins are able to promote theThe Nodal and Hedgehog signaling pathways influ-
expression of markers characteristic of both hypothala-ence dorsoventral patterning at all axial levels of the
mus and ventral telencephalon (Barth and Wilson, 1995;CNS, but it remains largely unclear how these path-
Ericson et al., 1995; Dale et al., 1997; Pera and Kessel,ways interact to mediate patterning. Here we show
1997; Shimamura and Rubenstein, 1997; Kohtz et al.,that, in zebrafish, Nodal signaling is required for induc-
1998). However, the source, exact role, site, and timetion of the homeobox genes nk2.1a in the ventral dien-
of action of Hh proteins during anterior CNS patterningcephalon and nk2.1b in the ventral telencephalon.
remain uncertain. For instance, although shh is ex-Hedgehog signaling is also required for telencephalic
pressed within the telencephalon, the endogenousnk2.1b expression but may not be essential to estab-
source of Hh proteins that influence early developmentlish diencephalic nk2.1a expression. Furthermore, Shh
of this region are uncertain and probably involve tissuesdoes not restore ventral diencephalic development in
outside of the telencephalon itself (Gunhaga et al., 2000).embryos lacking Nodal activity. In contrast, Shh does
Mutations affecting Hh signaling in zebrafish have lessrestore telencephalic nk2.1b expression in the ab-
severe phenotypes than mouse Shh null mutants (vansence of Nodal activity, suggesting that Hedgehog
Eeden et al., 1996; Schauerte et al., 1998; Odenthal etsignaling acts downstream of Nodal activity to pat-
al., 2000). In part, this may be due to partial redundancytern the ventral telencephalon. Thus, the Nodal path-
between different hh genes in fish but may also reflectway regulates ventral forebrain patterning through
the involvement of other signaling pathways in mediat-both Hedgehog signaling-dependent and -independent
ing midline development. In particular, mutations affect-mechanisms.
ing components of the Nodal signaling pathway (Schier
and Shen 2000) have severe axial defects. Thus, em-Introduction
bryos lacking the function of the Nodal ligands Squint
(Sqt; Heisenberg and Nu¨sslein-Volhard, 1997; Feldman
The anterior neural plate gives rise to forebrain territories
et al., 1998) or Cyclops (Cyc; Hatta et al., 1994; Rebagliati
that include the telencephalon, diencephalon, and optic et al., 1998b; Sampath et al., 1998), or One-eyed-pinhead
vesicles (Rubenstein et al., 1998; Varga et al., 1999; (Oep; Schier et al., 1997; Stra¨hle et al., 1997), an EGF-
Inoue et al., 2000). Each of these territories is further CFC protein required for reception of Nodal signals
regionalized along their respective anteroposterior (AP) (Zhang et al., 1998; Gritsman et al., 1999), or Schmalspur
and dorsoventral (DV) axes. Within the mammalian telen- (Fast1/Sur; Pogoda et al., 2000; Sirotkin et al., 2000a),
cephalon, ventral, subpallial regions give rise to the a transcriptional effector of Nodal signaling (Chen et al.,
basal ganglia, while dorsal, pallial regions give rise to 1997; Watanabe and Whitman, 1999; Saijoh et al., 2000),
cortical structures. Similar pallial and subpallial subdivi- all exhibit phenotypes that may include cyclopia and
sions of the telencephalon exist in all vertebrates (Fer- absence or reduction of floorplate and hypothalamic
nandez et al., 1998; Puelles et al., 2000), although the tissue. Mice carrying mutations in the nodal gene have
adult derivatives of these subdivisions vary widely. severe early phenotypes that have precluded extensive
Within the diencephalon, ventral-most cells give rise analysis of the role of Nodal signaling in ventral CNS
to the hypothalamus, while more dorsal cells generate development (Conlon et al., 1994; Varlet et al., 1997).
various thalamic and epithalamic structures. In addition However, mice heterozygous for mutations in the nodal
to generating different forebrain structures, precursors gene that are also heterozygous or homozygous for mu-
tations in other genes likely to act in the Nodal pathway
variably exhibit cyclopic phenotypes (Nomura and Li,‡ To whom correspondence should be addressed (e-mail: s.wilson@
ucl.ac.uk). 1998; Song et al., 1999). It is uncertain how the Nodal
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Figure 1. Zebrafish Possess Two Paralogous nk2.1 Genes
Similarity tree for two zebrafish nk2.1 genes compared with nk2-type
genes from various chordates and vnd and scro from Drosophila
melanogaster. Calculations are based on the sequences as provided Figure 2. nk2.1a and nk2.1b Are Expressed in the Ventral Dienceph-
by GenBank database entries. The tree based on full-length se- alon and Ventral Telencephalon, Respectively
quences (or presumed near full-length sequence for Scro) does not
Expression patterns of various genes (indicated bottom right) inshow major differences to a tree based on the homeodomains alone
the neural plate and brain of wild-type embryos at various stages(data not shown).
(indicated top right). Anterior is to the top in the animal pole views
(A–D) and to the left in the lateral views (E–J). The approximate limits
of the neural plate are indicated in (A), and the arrowhead in (F)and Hh pathways interact during ventral CNS patterning,
indicates telencephalic expression of nk2.1b.although recent studies in fish have suggested that
Abbreviations: ac, anterior commissure; d, diencephalon; hy, hypo-Nodal signaling may directly activate transcription of
thalamus; or, optic recess; poc, postoptic commissure; t, telen-
the shh gene (Mu¨ller et al., 2000). cephalon.
Potential targets of Hh signaling in the CNS include
several members of the Nk2 family of homeobox genes.
One such gene is nkx2.1 (also known as TTF1), which ways are used to pattern ventral regions of the entire
CNS, the ways in which these pathways function andis expressed in the hypothalamus and the medial gangli-
onic eminence of the ventral telencephalon, and mice interact may differ at different axial levels.
lacking Nkx2.1 function exhibit severe neuronal differen-
tiation defects in both regions (Kimura et al., 1996; Sus- Results
sel et al., 1999). Ectopic expression of Shh in the mouse
brain can induce nkx2.1 (Gaiano et al., 1999), supporting nk2.1a and nk2.1b Are Markers of the Ventral
Diencephalon and Ventral Telencephalon,similar observations from in vitro assays (reviewed in
Fishell, 1997). Furthermore, in patched1 mutant mice, Respectively
In order to investigate the mechanisms underlying pat-nkx2.1 expression is expanded (Goodrich et al., 1997),
consistent with Patched being a component of the Shh terning of ventral regions of the zebrafish forebrain, we
cloned nk2.1a, a homeobox gene related to nkx2.1 (Rohrreceptor complex that acts as a negative regulator of
Shh signaling (Murone et al., 1999). and Concha, 2000), and obtained nk2.1b as an EST
clone. A similarity tree based upon deduced amino acidHere, we show that two nk2.1 genes exist in zebrafish,
one of which is expressed primarily in the ventral telen- sequences shows that nk2.1a and nk2.1b are paralogs
(Figure 1) and are therefore both orthologous to mousecephalon and the other exclusively in the ventral dien-
cephalon. We investigate the roles of the Nodal and Hh nkx2.1.
Expression of both nk2.1a and nk2.1b is initiated to-signaling pathways in the regulation of these two nk2.1
genes and more generally in the regional patterning of ward the end of epiboly in a stripe of cells in the medial
anterior neural plate (Figures 2A and 2B), a region thatthe anterior forebrain. We find that in addition to a role
in hypothalamic development, Nodal signaling is also gives rise to the hypothalamus. Other studies have impli-
cated both the Nodal and Hh signaling pathways in regu-required for specification of the ventral telencephalon
and we present evidence that Hh signals act down- lating the development of midline neural tissues in ze-
brafish (e.g., Mu¨ller et al., 2000), and so we comparedstream of Nodal activity in the establishment of ventral
telencephalic nk2.1 expression. We show that Hh signal- early nk2.1a and nk2.1b expression with that of genes
encoding components of these signaling pathways. cycing does play a role in hypothalamic development but
unlike Nodal activity, it may not be essential for the encodes a Nodal ligand expressed in a broad strip of
medial cells that includes the polster/prechordal plateinitial induction of this region of the diencephalon. These
results indicate that although common signaling path- underneath and anterior to the neural plate (Figure 2C;
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Sampath et al., 1998; Rebagliati et al., 1998a, 1998b). zygotic Oep protein (MZoep) that cannot respond to
Nodal signals (Gritsman et al., 1999). Second, we over-oep encodes an EGF-CFC protein required for the re-
ception of Nodal signals (Zhang et al., 1998; Gritsman expressed Antivin (Atv), a Lefty family protein that inhib-
its Nodal activity (Bisgrove et al., 1999; Meno et al., 1999;et al., 1999). oep is expressed broadly in the anterior
neural plate (Zhang et al., 1998) with highest levels of Thisse and Thisse, 1999; Thisse et al., 2000). In both
cases, nk2.1a and nk2.1b expression is totally absenttranscripts in a region that encompasses the nk2.1a/
nk2.1b expression domain (Figure 2D). At this stage, shh (Figures 3G, 3H, 3J, and 3K), confirming an absolute
requirement for Nodal signaling in the specification ofexpression may be restricted to axial mesendodermal
cells in anterior regions (Varga et al., 1999), but slightly both ventral diencephalic and ventral telencephalic
nk2.1 expression.later, expression spreads to ventral neural cells encom-
passing much of the hypothalamus (Barth and Wilson, Nodal signaling is also involved in AP patterning of
neural tissue (reviewed in Wilson and Rubenstein, 2000),1995). Both nk2.1 genes are therefore induced in proxim-
ity to cells expressing components of both the Hh and and so to confirm that the loss of telencephalic nk2.1b
expression was not due to a loss of anterior neural fates,Nodal signaling pathways.
Analysis of nk2.1a and nk2.1b expression at post- we examined other telencephalic markers in embryos
with compromised Nodal activity. bf1 encodes a puta-epiboly stages revealed that nk2.1a is expressed exclu-
sively in the ventral diencephalon (hypothalamus), while tive transcription factor expressed throughout the telen-
cephalon (Figure 3M; Toresson et al., 1998), and expres-nk2.1b is expressed predominantly in the ventral telen-
cephalon (Figures 2E–2J), indicating that the two do- sion of this gene is detected in Nodal pathway mutants
and atv-injected embryos (Figure 3P and data notmains of nkx2.1 expression in mouse (e.g., Ericson et
al., 1995) are split between the two fish genes. During shown). eom expression, which is normally restricted to
dorsal telencephalon (Figure 3N; Mione et al., 2001),early somitogenesis stages, both nk2.1a and nk2.1b are
expressed in the prospective hypothalamus. However, is also detected in embryos with compromised Nodal
signaling (Figure 3Q and data not shown), suggestingfrom midsomite stages, an additional domain of nk2.1b
expression is initiated in the ventral telencephalon (Fig- that it is ventral telencephalic specification that is pre-
dominantly affected in Nodal pathway mutants. In sup-ure 2F), and expression fades in the hypothalamus (Fig-
ure 2H). In contrast, nk2.1a expression in the hypothala- port of this interpretation, isl1, a marker of ventral telen-
cephalic neurons (Inoue et al., 1994) expressed in amus remains robust, but no transcripts are detected in
the ventral telencephalon (Figures 2E and 2G). At later similar domain to nk2.1b (Figure 3O), is also reduced or
absent in embryos with compromised Nodal signalingstages, nk2.1a expression remains restricted to the hy-
pothalamus (Figure 2I), whereas nk2.1b expression is (Figure 3R and data not shown). These results confirm
the presence of telencephalic tissue but an absence ofpredominantly detected around the anterior commis-
sure in the ventral telencephalon (Figure 2J). From early ventral telencephalic gene expression in embryos with
compromised Nodal activity.somite stages onward, hypothalamic nk2.1a expression
overlaps extensively with that of shh (compare Figure 2G Shh promotes gene expression characteristic of both
hypothalamus and ventral telencephalon (e.g., Ericsonto 2H), while telencephalic nk2.1b expression is dorsal to
shh expression with the optic recess separating the two et al., 1995; Dale et al., 1997), mice lacking Shh activity
probably lack both fates (Chiang et al., 1996), and shhdomains (Figure 2H). At later stages, shh itself is ex-
pressed in the ventral telencephalon in a domain similar expressing cells are in close proximity to all domains of
nk2.1 expression (Figure 2). We therefore examined shhto that of nk2.1b (Barth and Wilson, 1995).
expression in embryos with compromised Nodal signal-
ing. In cyc2/2 and oep2/2 embryos, shh expression isNodal Signaling Is Required for Induction of nk2.1
absent apart from a small group of diencephalic cellsGenes in the Ventral Telencephalon
(Figures 3C and 3F; Krauss et al., 1993; Barth and Wilson,and Hypothalamus
1995; Schier et al., 1997; Stra¨hle et al., 1997), in a positionTo address the role of the Nodal pathway in the regional
that corresponds to the dorsal diencephalic extensionpatterning of the forebrain, we analyzed nk2.1a and
of shh expression at the zona limitans intrathalamica ofnk2.1b expression in embryos with compromised Nodal
wild-type embryos (Barth and Wilson, 1995). In MZoepsignaling activity. We observed a complete lack of hypo-
and atv-injected embryos, this residual diencephalic ex-thalamic nk2.1a expression in both cyc2/2 and oep2/2
pression is lost (Figures 3I and 3L). shh expression inembryos (Figures 3A and 3D), consistent with the cyclo-
the forebrain is therefore dependent on Nodal activity,pia observed in these mutants (e.g., Hatta et al., 1994;
raising the possibility that loss of Hh activity may con-Schier et al., 1997). However, in addition to the dience-
tribute to the loss of nk2.1 gene expression.phalic defects, we also observed a complete loss of
telencephalic nk2.1b expression (Figures 3B and 3E),
revealing a role for Nodal signaling in ventral telence- Ectopic Hh Activity Ventralizes the Telencephalon
and Diencephalonphalic development.
Complete abolition of Nodal signaling can restore To determine if Hh signaling is sufficient to promote
expression of nk2.1a and nk2.1b, we overexpressed shh.some anterior CNS fates that are reduced or absent
when Nodal signaling is partially depleted (Sirotkin et In shh-injected embryos, nk2.1a expression expands
dorsally in the diencephalon, but remains excludedal., 2000b; Masai et al., 2000). We used two approaches
to address the consequences of more severe abrogation from the telencephalon and more posterior regions (Fig-
ures 4A and 4B). nk2.1b expression expands dorsallyof Nodal signaling upon ventral forebrain development.
First, we generated embryos lacking both maternal and throughout the telencephalon of shh-injected embryos
Neuron
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Figure 3. Nodal Activity Is Required for In-
duction of both nk2.1a and nk2.1b
Lateral views of 22- to 26-somite stage brains
showing expression of genes (indicated bot-
tom right) in cyc2/2 (cyc), zygotic oep2/2
(oep), maternal, and zygotic Oep (MZoep)
mutant embryos and in atv-injected wild-type
embryos (atv inj). Some residual shh expres-
sion is detected in the mid-diencephalon in
the cyc2/2 and oep2/2 embryos (arrowheads
in [C] and [F]), and the arrow in (N) indicates
weak diencephalic expression of eom. The
arrow in (A) indicates the thyroid (Rohr and
Concha, 2000).
Abbreviations: e, eye; t, telencephalon.
and at lower levels also within the diencephalon, re- this, sonic-you (syu2/2) embryos carry mutations in the
shh gene (Schauerte et al., 1998), you-too (yot2/2) em-flecting the normally low level of expression in this region
(Figures 4C and 4D). bryos carry mutations in the transcriptional mediator
of Hh signaling Gli2 (Karlstrom et al., 1999), and slow-To confirm that the alterations in nk2.1 gene expres-
sion following shh overexpression reflect DV patterning muscle-omitted (smu2/2) embryos carry mutations that
are likely to abolish all Hh signaling (Barresi et al., 2000).changes within the diencephalon and telencephalon, we
examined other forebrain markers. bf1 expression is In syu2/2 embryos, nk2.1b expression is slightly re-
duced in the telencephalon, but there is no obviousrelatively unaffected in shh-injected embryos, reflecting
the normal subdivision of forebrain into telencephalic change to nk2.1a expression in the hypothalamus (data
not shown). In contrast to the relatively normal nk2.1aand diencephalic territories (Figures 4I and 4J). How-
ever, isl1 shows marked dorsal expansion of its dience- expression, nk2.2 expression in diencephalic cells along
the dorsal margin of the hypothalamic nk2.1a expressionphalic and telencephalic expression domains, confirming
an expansion in numbers of ventral forebrain neurons in domain is significantly reduced in syu2/2 embryos (Fig-
ures 5K and 5L). Despite this observation, loss of Shhshh-injected embryos (Figures 4E and 4F). Reflecting the
expansion of ventral neurons, expression of the dorsal function is unlikely to equate to complete loss of Hh
signaling activity in the anterior CNS as a second hhtelencephalic marker eom is abolished in shh-injected
embryos (Figures 4G and 4H). Together these observa- gene, tiggywinkle-hedgehog (twhh; Ekker et al., 1995),
is expressed in the forebrain of syu2/2 embryos, albeittions suggest that exogenous Shh is sufficient to ven-
tralize both diencephalon and telencephalon but does at a reduced level (data not shown). Twhh activity may
therefore contribute to the Hh-dependent regulation ofnot alter region-specific gene expression (telencephalon
versus diencephalon). nk2.1 genes in syu2/2 embryos.
In contrast to syu mutants, there appears to be a
complete or near complete loss of Hh signaling in smu2/2Hh Signaling Is Essential for Specification of Ventral
Telencephalic nk2.1a Expression embryos (Barresi et al., 2000; Z. M. V., A. Amores, Y-L.
Yan, J. H. Postlethwait, J. S. Eisen, and M. Westerfield,To investigate the requirement of the Hh signaling path-
way in patterning the ventral forebrain, we analyzed unpublished data). For instance, exogenous Shh is un-
able to induce smooth muscle development in smu2/2nk2.1a and nk2.1b expression in embryos with compro-
mised Hh signaling activity. Mutations in the you-type embryos, consistent with the possibility that all Hh activ-
ity is mediated by the Smu protein (Barresi et al., 2000).class of genes are believed to compromise Hh signaling
in zebrafish (e.g., Odenthal et al., 2000). In support of Telencephalic nk2.1b expression is absent in smu2/2
Nodal Signaling and Forebrain Patterning
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Figure 4. Shh Overexpression Ventralizes the Diencephalon and
Figure 5. Hh Activity Is Required for Induction of nk2.1b but NotTelencephalon
nk2.1aLateral views of gene expression (indicated bottom right) in wild-
Lateral views of brains at various stages (indicated bottom left)type (wt) brains and brains from embryos in which shh was overex-
showing expression of genes (indicated bottom right) in wild-typepressed (shh inj). In the shh-injected embryos, nk2.1a expression
(wt) syu2/2 (syu), smu2/2 (smu), and constitutively active PKA-spreads into the dorsal diencephalon (B); nk2.1b expression spreads
injected (cPKA inj) embryos. The dots outline the hypothalamus andinto the dorsal telencephalon (D) and with low levels of expression
ventral midbrain in (G) and (I).also into the dorsal diencephalon (arrowhead, [D]); dorsal telence-
phalic eom expression is abolished (H); bf1 expression is relatively
unaffected (J); and isl1 expression in ventral neurons spreads dor-
sally in both diencephalon and telencephalon (F). absent (Figure 5F), and it was severely reduced in the
Abbreviations: t, telencephalon; d, diencephalon. other 21 embryos. In accordance with smu2/2 embryos,
the much weaker nk2.1b expression in the hypothala-
mus was retained in cPKA-injected embryos. Indeed,
nk2.1a expression was not severely affected in cPKA-embryos (Figures 5B, 5D, 5H, and 5J), revealing an es-
sential requirement for Hh signaling in the establishment injected embryos, and most (98 of 111) embryos showed
relatively normal expression (Figure 4E), with the re-of ventral telencephalic nk2.1b expression. At 24 hr,
hypothalamic nk2.1a expression is variably reduced in maining 13 exhibiting altered shapes and sizes of the
expression domains coincident with unspecific bodysmu2/2 embryos (Figures 5A and 5C). By 36 hr, it is
evident that some posterior hypothalamic tissue is pres- shape abnormalities. Higher concentrations of cPKA in-
jection led to high rates of unspecific defects but stillent in smu2/2 embryos but fails to express nk2.1a, while
anterior hypothalamic tissue expresses nk2.1a at re- did not abolish nk2.1a expression (data not shown).
duced levels (Figures 5G and 5I).
To confirm a requirement for Hh signaling in the estab- Hh Signals Act Downstream of the Nodal Pathway to
Establish Ventral Telencephalic nk2.1b Expressionlishment of telencephalic nk2.1b expression, we ana-
lyzed embryos overexpressing a constitutively active Hh signaling is required and is sufficient to induce nk2.1b
in the telencephalon, raising the possibility that the roleform of protein kinase A (cPKA) that is believed to inhibit
Hh signaling (Concordet et al., 1996). In 84 of 105 in- of Nodal signaling in the patterning of the ventral telen-
cephalon is mediated by Hh signals. To address this,jected embryos, telencephalic nk2.1b expression was
Neuron
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Figure 6. shh Restores nk2.1b Expression in
Nodal Pathway Mutants
(A–L) Lateral views of brains of cyc2/2 (A–C),
oep2/2 (D–F), MZoep (G–I), and atv-injected
(J–L) embryos in which shh has been overex-
pressed. In all cases, nk2.1b expression is
restored in the telencephalon (A, D, G, and J,
compare to Figure 3). At 8-somite stage, no
nk2.1a expression is detected after shh over-
expression (B, E, H, and K), but by 22-somite
stage, some weak nk2.1a expression is re-
stored in the posterior diencephalon (C, F, I,
and L).
(M and P) bf1 expression in an atv-injected
wild-type embryo (M) and in an embryo co-
injected with atv and shh (P). There is no obvi-
ous difference in expression between the em-
bryos.
(N and Q) eom expression in an atv-injected
wild-type embryo (N) and in an embryo co-
injected with atv and shh (Q). Expression is
abolished in the shh coinjected embryo.
(O and R) MZoep embryos in which biotin-
labeled (brown) shh-expressing (R) or control
(O) cells (from MZoep donor embryos) were
transplanted into the prospective anterior
brain. In the embryo that received the shh-
expressing cells, nk2.1b expression is in-
duced (arrowhead) in the vicinity of the
grafted cells.
we assessed the ability of Shh to restore nk2.1 gene restores some nk2.1a expression in the mid-diencepha-
lon around the location at which the zona limitans intra-expression in embryos with compromised Nodal ac-
tivity. thalamica would normally form (Figures 6C, 6F, 6I, and
6L). This is the position at which residual shh expressionShh overexpression efficiently induces nk2.1b through-
out the DV extent of the telencephalon of all classes of is sometimes detected in Nodal pathway mutants (Fig-
ure 3). In no case was nk2.1a expression detected inembryos with deficiencies in Nodal signaling (compare
Figures 6A, 6D, 6G, and 6J to 3B, 3E, 3H, and 3K). more anterior regions of the forebrain in shh-injected
Nodal pathway mutants.Rescue is particularly dramatic in MZoep- and atv-
injected embryos, possibly reflecting the enlarged fore- The rescue of telencephalic nk2.1b expression in shh-
injected Nodal signaling–deficient embryos could bebrain territories present in such embryos (Gritsman et
al., 1999; Thisse et al., 2000). Concomitant with the in- due to Shh acting directly upon telencephalic cells or
could be due to Shh inducing some other tissue or struc-duction of ventral telencephalic identity, expression of
eom in the dorsal telencephalon is abolished by ectopic ture that subsequently produces signals that induce
ventral telencephalic identity. To investigate this issue,Shh in Nodal signaling–deficient embryos (Figures 6N
and 6Q). Reflecting the situation in wild-type embryos, we localized the production of Shh to the anterior neural
ectoderm of Nodal signaling–deficient embryos. Toshh overexpression had little or no effect upon the pan-
telencephalic marker bf1 (Figures 6M and 6P). achieve this, we transplanted small groups of cells taken
from random positions of MZoep embryos injected withTo address whether Hh signaling can rescue hypothal-
amic development in embryos with compromised Nodal shh into the prospective forebrain of uninjected MZoep
embryos. The use of MZoep donor cells and recipientsignaling, we assessed nk2.1a and nk2.1b expression
at stages when both genes are restricted to the hypo- hosts ensured that Oep-dependent Nodal signaling
could play no part in either the signaling or the re-thalamus. At both 2-somite and 8-somite stages, ex-
pression of shh fails to rescue nk2.1 gene expression sponding cells.
In nine of ten transplant embryos, shh-expressingin Nodal signaling–deficient embryos (Figures 6B, 6E,
6H, and 6K and data not shown). This suggests that Shh cells were detected in the anterior forebrain of the host
MZoep embryos, and in eight of these, nk2.1b was in-cannot rescue hypothalamic induction in the absence
of Nodal signaling. At later stages of development, ex- duced in neighboring telencephalic cells (Figure 6R).
The extent of nk2.1b expression varied slightly betweenpression of shh in Nodal signaling–deficient embryos
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the eight embryos, with more widespread expression and retained orthologs of a single mammalian gene. The
discrete expression domains of each gene provide anin embryos that received more donor cells. No nk2.1b
expression was detected in the nine control embryos explanation as to why both copies have been retained
over the several hundred million years since the genomethat received cells containing only rhodamine-dextran/
biotin-dextran (Figure 6O). These results indicate that duplication event is assumed to have occurred and pro-
vide compelling evidence in support of the duplication-Shh acting locally within prospective telencephalic tis-
sue can directly or indirectly rescue nk2.1b expression degeneration-complementation model.
and supports the conclusion that the absence of ventral
telencephalic nk2.1b expression in Nodal signaling– Nodal Signaling Is Required for Regional
deficient embryos is due to loss of Hh activity in anterior Patterning of the Forebrain
regions of these embryos. cyc2/2 and oep2/2 embryos exhibit various degrees of
cyclopia indicative of deficiencies in the ventral fore-
brain (Hatta et al., 1994; Schier et al., 1996; Stra¨hle etDiscussion
al., 1997). We show here that these deficiencies encom-
pass a complete absence of nk2.1a-expressing hypo-In this study, we have investigated the role of the Hh and
Nodal signaling pathways in the patterning of anterior thalamic structures. In addition, we show that Nodal
signaling is required for specification of ventral telence-regions of the developing brain. We have shown that
Nodal signaling is required for establishment of both phalic nk2.1 expression in a region just dorsal to the
evaginating optic vesicles. As we discuss below, thehypothalamic and ventral telencephalic identity. One of
the ways in which Nodal signaling mediates forebrain role of Nodal signaling in hypothalamic development is
likely to be complex and involve both the regulation ofpatterning is through the regulation of the Hh signaling
pathway. Hh signaling is required for induction of nk2.1b movement of hypothalamic precursors and the regula-
tion of inductive events specifying hypothalamic iden-in the ventral telencephalon, and exogenous Shh can
rescue nk2.1b expression in Nodal pathway mutants. tity. In contrast, the telencephalic phenotype of Nodal
pathway mutants may solely reflect a role for NodalThese results indicate that Hh signaling acts down-
stream of Nodal signaling in the patterning of this region signaling in regulating the DV regionalization of the tel-
encephalic primordium.of the CNS. In contrast, although Hh signaling is required
for development of the hypothalamus, it may not be In Nodal pathway mutants, nk2.1b expression is ab-
sent, whereas more dorsal telencephalic markers suchrequired for its initial induction. This idea is supported
by the finding that widespread ectopic Hh fails to rescue as eom are retained, suggesting a loss of ventral telen-
cephalic character. The overall size of the telencephalonhypothalamic development in Nodal pathway mutants.
Thus, induction of nk2.1a and nk2.1b and specification varies depending on the level of Nodal signaling in the
embryo (Gritsman et al., 1999; Shimizu et al., 2000; Sirot-of ventral character in the diencephalon and in the telen-
cephalon appears to be mediated by different mecha- kin et al., 2000b; reviewed in Wilson and Rubenstein,
2000), raising the alternative possibility that the loss ofnisms.
nk2.1b expression could reflect a reduction in size of the
telencephalic anlage. However, while the telencephalonThe Expression Patterns of the Zebrafish
may be reduced in size in zygotic oep2/2 embryosnk2.1 Paralogs Support the Duplication-
(K. A. B. and S. W. W., unpublished data), it is enlargedDegeneration-Complementation Model
in MZoep2/2 and atv-injected embryos (Gritsman et al.,of Gene Evolution
1999; Thisse et al., 2000). Whatever the absolute size ofComparative analysis of the mouse and fish nk2.1 genes
the telencephalon, nk2.1b is always absent, suggestingindicates that the expression domains of the two zebra-
ventral telencephalic character is always disrupted infish nk2.1 genes cumulatively equate to those of the
Nodal signaling–compromised embryos.single mouse gene. Mouse nkx2.1 is expressed in the
medial ganglionic eminence of the ventral telencepha-
lon, the hypothalamus, lung, and thyroid gland (Kimura Hh Signaling Acts Downstream of the Nodal
Pathway to Specify Ventral Telencephalicet al., 1996). Zebrafish nk2.1a is expressed in the hypo-
thalamus and the developing thyroid gland (Rohr and nk2.1b Expression
One mechanism by which Nodal activity influences DVConcha, 2000) but not the ventral telencephalon. In con-
trast, nk2.1b is expressed strongly in the telencephalon, patterning of the telencephalon is likely to be through
the regulation of Hh signaling. A variety of previous stud-weakly in the hypothalamus, and not at all in the thyroid
gland. Thus, both nk2.1 genes in fish have retained some ies in chicks and mammals have shown that Shh can
promote gene expression characteristic of ventral telen-sites of ancestral gene expression and lost others. The
duplication-degeneration-complementation model of cephalic identity (Ericson et al., 1995; Pera and Kessel,
1997; Shimamura and Rubenstein, 1997; Kohtz et al.,gene evolution suggests that both copies of duplicated
genes may be retained if each gene accumulates muta- 1998; Gaiano et al., 1999; Sussel et al., 1999). Here, we
present evidence that Hh signaling is both required andtions in regulatory regions that disrupt specific temporal
or spatial patterns of expression (Force et al., 1999). In is sufficient to specify ventral telencephalic nk2.1b ex-
pression, even in the absence of Nodal signaling. Thethis way, the functions of the ancestral gene are parti-
tioned between the two paralogs, and both are retained ability of exogenous Shh to restore telencephalic nk2.1b
expression in embryos devoid of Oep implies that Hhwithin the genome. The two nk2.1 genes described here
provide one of the most striking known examples of the signaling acts downstream of Nodal activity in DV pat-
terning of the telencephalon. The mechanism by whichsegregation of expression domains between duplicated
Neuron
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Nodal signaling regulates Hh activity in axial tissues vere in syu2/2 embryos (and also smu2/2 embryos;
Z. M. V., unpublished data) than is the reduction in nk2.1ahas yet to be determined, although it is possible that
expression itself. This suggests that Hh activity maytranscriptional activators downstream of Nodal may di-
have a more crucial role in propagating inductive signalsrectly regulate shh transcription. In support of this, ex-
from the hypothalamus than in the induction of the hypo-pression of Hh genes is severely reduced in Nodal path-
thalamus itself. A similar sequence of events is proposedway mutants, particularly in anterior regions (Krauss et
to occur in the spinal cord where Hh signaling may notal., 1993; Stra¨hle et al., 1997). Furthermore, a Smad2/
be essential for induction of medial floorplate cells butFast1-responsive element is present upstream of the
is required for lateral floorplate cell specification (Oden-shh gene, and Nodal signaling can cell autonomously
thal et al., 2000).promote floorplate-specific expression of shh (Mu¨ller et
Although nk2.1a expression is retained in smu2/2 em-al., 2000).
bryos, it is variably reduced, indicating that Hh activityAlthough the weight of evidence that Shh does pro-
does have a role in hypothalamic development. In othermote ventral identity is compelling, the in vivo source
species, it has been proposed that Shh in combinationof Shh to which telencephalic cells are exposed is un-
with Bmp7 induce hypothalamic identity (Dale et al.,clear. shh is expressed in the ventral telencephalon but
1997), and in fish, bmp genes are expressed in pre-only at stages after induction of ventral telencephalic
chordal mesendodermal cells underlying the hypothala-markers, and loss of this site of shh expression does
mus (Kishimoto et al., 1997; Schmid et al., 2000). How-not lead to loss of ventral telencephalic identity in mice
ever, induction of nk2.1a does occur in embryos carrying(Huh et al., 1999; Sussel et al., 1999). In chicks, it has
null mutations in bmp2b/swirl or bmp7/snailhouse andbeen proposed that prospective telencephalic cells may
in embryos overexpressing the Bmp antagonist Nogginbe transiently exposed to Shh from Henson’s node or the
(Barth et al., 1999; K. A. B. and S. W. W., unpublishedanterior primitive streak during gastrulation (Gunhaga et
data). Thus, as yet, there is no genetic evidence indicat-al., 2000). In zebrafish, there is strong and prolonged
ing a requirement for Bmp activity in hypothalamic in-expression of shh (and twhh) in anterior hypothalamic
duction. Nevertheless, it will be of interest to examinecells that are in proximity to the ventral telencephalon,
hypothalamic development in embryos carrying muta-and so the hypothalamus is one potential source of Hh
tions affecting both the Hh and the Bmp signalingproteins. There is also transient expression of hh genes
pathways.in the axial prechordal mesendoderm that underlies the
One candidate for playing a direct role in hypothalamicanterior neural plate (Mu¨ller et al., 2000; Varga et al.,
induction is the Nodal ligand Cyc. Cyc is expressed both1999), and so if telencephalic precursors arise close
in the axial prechordal mesendoderm and neural plateto this axial tissue, a program of ventral telencephalic
(Rebagliati et al., 1998b; Sampath et al., 1998), and thedifferentiation could be initiated at this early stage.
presence of Oep in prospective hypothalamic cells sug-Whether the endogenous source of Hh proteins is the
gests that these cells probably do receive Nodal signals.hypothalamus, the underlying mesendoderm, or both,
However, the role of Nodal signaling in mediating hypo-Hh signals must be spatially localized to a subset of
thalamic induction is complicated by an additional re-prospective telencephalic cells, as we find that most
quirement for Nodal signaling in the movement of hypo-or all telencephalic cells can adopt a ventral identity if
thalamic precursors into the anterior neural plate andexposed to Shh.
their subsequent survival (Varga et al., 1999). Unlike
other forebrain derivatives, prospective hypothalamic
Nodal and Hh Signaling Regulate cells originate more caudally in the median neural plate
Hypothalamic Development closer to the shield (K. Woo, J. Shih, and S. Fraser,
Shh does not restore early hypothalamic nk2.1 expres- personal communication; Varga et al., 1999). In cyc2/2
sion in the absence of Nodal signaling, suggesting that embryos, these midline neural cells fail to move into the
Shh alone is not sufficient to specify the hypothala- anterior neural plate (Varga et al., 1999), and it is likely
mus. Furthermore, smu2/2 embryos carry mutations in that a similar phenotype occurs in other Nodal pathway
Smoothened (Z. M. V., A. Amores, Y-L. Yan, J. H. Pos- mutants. This means that the absence of hypothalamus
tlethwait, J. S. Eisen, and M. Westerfield, unpublished in these mutants may be due to a combined failure of
data), a protein essential for the mediation of Hh signal- both cell fate specification and cell movements.
ing (Kalderon, 2000), and while telencephalic nk2.1b ex- Although exogenous Shh did not restore the hypothal-
pression is absent in smu2/2 and in cPKA-injected em- amus in Nodal pathway mutants, it did lead to induction
bryos, hypothalamic nk2.1 expression is retained. This of nk2.1a in the mid-diencephalon at later stages of
suggests that Hh signaling may not be absolutely re- development. There are two reasons we think that induc-
quired for induction of the hypothalamus. One caveat tion may occur in this region of the brain. First, the mid-
is that although smu2/2 embryos exhibit more severe diencephalon is the only location at which expression
phenotypes than other known Hh pathway mutants in of exogenous Shh leads to robust upregulation of en-
zebrafish, it is not certain that there is a complete loss dogenous shh expression (Barth and Wilson, 1995), and
of Hh activity in these embryos. However, several likely so there may be higher levels of maintained Shh activity
targets of Hh signaling, such as patched1 and eng, fail in this region of the injected Nodal pathway mutants.
to be expressed in the trunk of smu2/2 embryos, sug- Secondly, the position at which nk2.1a is induced by Shh
gesting complete abolition in Hh signaling activity by in the Nodal pathway mutants is close to the location at
early somitogenesis stage (Barresi et al., 2000). which prospective hypothalamic precursors appear to
The loss of nk2.2 expression from diencephalic cells stall in their movement and later die (Varga et al., 1999).
Therefore, although Shh probably does not rescue thealong the dorsal edge of nk2.1a expression is more se-
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an Emmy-Noether Fellow of the Deutsche Forschungsgemeinschaft,movement of hypothalamic precursors in Nodal mu-
and S. W. W. is a Wellcome Trust Senior Research Fellow.tants, it may eventually promote expression of a hypo-
thalamus-specific marker in a region that may contain
Received September 7, 2000; revised January 8, 2001.
stalled hypothalamic precursor cells.
Overall, we suggest that the first role for Nodal signal- References
ing in hypothalamic development is to promote the
Barresi, M.J., Stickney, H.L., and Devoto, S.H. (2000). The zebrafishmovement of hypothalamic precursor cells into the ante-
slow-muscle-omitted gene product is required for Hedgehog signalrior neural plate. Once the hypothalamic precursors are
transduction and the development of slow muscle identity. Develop-within the anterior neural plate, it is likely they receive
ment 127, 2189–2199.
further Nodal signals (via Cyc and Oep) and in combina-
Barth, K.A., and Wilson, S.W. (1995). Expression of zebrafish nk2.2
tion with other inductive signals that include Hh proteins is influenced by sonic hedgehog/vertebrate hedgehog-1 and demar-
and perhaps also Bmps, then full specification of hypo- cates a zone of neuronal differentiation in the embryonic forebrain.
thalamic identity may be established. Development 121, 1755–1768.
In summary, in zebrafish, the Nodal signaling pathway Barth, K.A., Kishimoto, Y., Rohr, K.B., Seydler, C., Schulte-Merker,
S., and Wilson, S.W. (1999). Bmp activity establishes a gradient ofregulates Hh gene expression (e.g., Mu¨ller et al., 2000),
positional information throughout the entire neural plate. Develop-and the loss of ventral telencephalic character in em-
ment 126, 4977–4987.bryos with compromised Nodal signaling is probably
Bisgrove, B.W., Essner, J.J., and Yost, H.J. (1999). Regulation ofdue to the loss of Hh activity in these embryos. However,
midline development by antagonism of lefty and nodal signaling.the Nodal pathway also has additional complex and,
Development 126, 3253–3262.
as yet, poorly understood roles in mediating the cell
Briscoe, J., Pierani, A., Jessell, T.M., and Ericson, J. (2000). A homeo-
movements and inductive events that characterize the domain protein code specifies progenitor cell identity and neuronal
early development of the hypothalamus. fate in the ventral neural tube. Cell 101, 435–445.
Chen, X., Weisberg, E., Fridmacher, V., Watanabe, M., Naco, G., and
Experimental Procedures Whitman, M. (1997). Smad4 and FAST-1 in the assembly of activin-
responsive factor. Nature 389, 85–89.
Zebrafish Lines Chiang, C., Litingtung, Y., Lee, E., Young, K.E., Corden, J.L., West-
Zebrafish (Danio rerio) were maintained at 28.58C on a 14 hr light/ phal, H., and Beachy, P.A. (1996). Cyclopia and defective axial pat-
10 hr dark cycle and embryos collected by natural spawning. Alleles terning in mice lacking Sonic hedgehog gene function. Nature 383,
used were cycaf19, oeptz57, syubx392, and smub641. Embryos older than 407–413.
24 hours post fertilization were incubated in 0.003% phenylthiourea
Concordet, J.P., Lewis, K.E., Moore, J.W., Goodrich, L.V., Johnson,to inhibit pigmentation. To obtain oep2/2 fish that lack maternal
R.L., Scott, M.P., and Ingham, P.W. (1996). Spatial regulation of aand zygotic Oep (MZoep), zygotic oep2/2 embryos were rescued to
zebrafish patched homologue reflects the roles of sonic hedgehogadulthood by injecting wild-type oep RNA. Crossing of oep2/2 males
and protein kinase A in neural tube and somite patterning. Develop-with oep2/2 females resulted in 100% MZoep embryos.
ment 122, 2835–2846.
Conlon, F.L., Lyons, K.M., Takaesu, N., Barth, K.A.S., Kispert, A.,Isolation of nk2.1b and In Situ Hybridization
Herrmann, B., and Robertson, E.J. (1994). A primary requirementA cDNA clone containing a predicted full-length sequence of nk2.1b
for nodal in the formation and maintenance of the primitive streakwas obtained as an EST clone from the Washington University EST
in the mouse. Development 120, 1919–1928.project. Automated sequencing of the full EST clone was done on
Dale, J.K., Vesque, C., Lints, T.J., Sampath, T.K., Furley, A., Dodd,both strands following standard procedures, and the sequence was
J., and Placzek, M. (1997). Cooperation of BMP7 and SHH in thesubmitted to GenBank (accession number AF321112). The deduced
induction of forebrain ventral midline cells by prechordal mesoderm.amino acid sequence was aligned to other nk2-type homeobox
Cell 90, 257–269.genes using the clustalW program, and a similarity tree was gener-
ated using the puzzle algorithm (Strimmer and von Haeseler, 1996). Ekker, S.C., Unger, A.R., Greenstein, P., von Kessler, D.P., Porter,
In situ hybridizations were carried out using standard procedures J.A., Moon, R.T., and Beachy, P.A. (1995). Roles of hedgehog family
(Macdonald et al., 1995). For double in situ hybridizations, INT genes in eye and brain development. Curr. Biol. 5, 944–955.
(Sigma) was used as a red substrate. Ericson, J., Muhr, J., Placzek, M., Lints, T., Jessell, T.M., and Edlund,
T. (1995). Sonic hedgehog induces the differentiation of ventral fore-
Injection of RNA and Cell Transplantation brain neurons: a common signal for ventral patterning along the
Synthetic shh and atv mRNA (Megascript kit, Ambion) was injected rostrocaudal axis of the neural tube. Cell 81, 747–756.
as previously described (Barth and Wilson, 1995; Thisse and Thisse, Feldman, B., Gates, M.A., Egan, E.S., Dougan, S.T., Rennebeck,
1999). Unless otherwise stated, the injected embryos (n always G., Sirotkin, H.I., Schier, A.F., and Talbot, W.S. (1998). Zebrafish
.100) showed the described phenotypes in .90% of cases. For organizer development and germ-layer formation require nodal-
transplantation experiments, cells from random positions in MZoep related signals. Nature 395, 181–185.
embryos injected with rhodamin-dextran/biotin-dextran (1% each
Fernandez, A.S., Pieau, C., Reperant, J., Boncinelli, E., and Wassef,in 100 mM KCl) only or with rhodamin-dextran/biotin-dextran and
M. (1998). Expression of the Emx-1 and Dlx-1 homeobox genesshh RNA were transplanted into the animal pole region of 30%
define three molecularly distinct domains in the telencephalon ofepiboly stage MZoep embryos. Embryos were fixed at 24 hours post
mouse, chick, turtle and frog embryos: implications for the evolutionfertilization and analyzed for nk2.1b expression and the location of
of telencephalic subdivisions in amniotes. Development 125, 2099–biotin containing transplanted cells (Vectastain kit).
2111.
Fishell, G. (1997). Regionalization in the mammalian telencephalon.
Acknowledgments
Curr. Opin. Neurobiol. 7, 62–69.
Force, A., Lynch, M., Pickett, F.B., Amores, A., Yan, Y.L., and Pos-We thank Judith Eisen, Angel Amores, John Postlethwait, and Monte
tlethwait, J. (1999). Preservation of duplicate genes by complemen-Westerfield for providing information on the smu gene prior to publi-
tary, degenerative mutations. Genetics 151, 1531–1545.cation, Marina Mione for comments on the manuscript, Kevin Griffin
for providing probes prior to publication, and many other colleagues Gaiano, N., Kohtz, J.D., Turnbull, D.H., and Fishell, G. (1999). A
method for rapid gain-of-function studies in the mouse embryonicfor providing probes and reagents. This study was supported by
grants from the Wellcome Trust and BBSRC (to S. W. W.). K. B. R. is nervous system. Nat. Neurosci. 2, 812–819.
Neuron
350
Goodrich, L.V., Milenkovic, L., Higgins, K.M., and Scott, M.P. (1997). left-right patterning and craniofacial development. Nature 393,
786–790.Altered neural cell fates and medulloblastoma in mouse patched
mutants. Science 277, 1109–1113. Odenthal, J., van Eeden, F.J., Haffter, P., Ingham, P.W., and Nu¨ss-
lein-Volhard, C. (2000). Two distinct cell populations in the floorGritsman, K., Zhang, J., Cheng, S., Heckscher, E., Talbot, W., and
Schier, A. (1999). The EGF-CFC protein one-eyed pinhead is essen- plate of the zebrafish are induced by different pathways. Dev. Biol.
219, 350–363.tial for nodal signaling. Cell 97, 121–132.
Gunhaga, L., Jessell, T.M., and Edlund, T. (2000). Sonic hedgehog Pera, E.M., and Kessel, M. (1997). Patterning of the chick forebrain
anlage by the prechordal plate. Development 124, 4153–4162.signaling at gastrula stages specifies ventral telencephalic cells in
the chick embryo. Development 127, 3283–3293. Pogoda, H.-M., Solnica-Krezel, L., Driever, W., and Meyer, D. (2000).
Zebrafish Fast1/FoxH1 is a modulator of Nodal signaling requiredHatta, K., Pu¨schel, A.W., and Kimmel, C.B. (1994). Midline signaling
in the primordium of the zebrafish anterior central nervous system. for organizer formation. Curr. Biol. 10, 1041–1049.
Proc. Natl. Acad. Sci. USA 91, 2061–2065. Puelles, L., Kuwana, E., Puelles, E., Bulfone, A., Shimamura, K.,
Keleher, J., Smiga, S., and Rubenstein, J.L. (2000). Pallial and sub-Heisenberg, C.-P.H., and Nu¨sslein-Volhard, C. (1997). The function
of silberblick in the positioning of the eye anlage inthe zebrafish pallial derivatives in the embryonic chick and mouse telencephalon,
traced by the expression of the genes dlx-2, emx-1, nkx-2.1, pax-6,embryo. Dev. Biol. 184, 85–94.
and tbr-1. J. Comp. Neurol. 424, 409–438.Huh, S.-O., Hatini, V., Marcus, R.C., Li, S.C., and Lai, E. (1999).
Dorsal-ventral patterning defects in the eye of BF-1-deficient mice Rebagliati, M.R., Toyama, R., Fricke, C., Haffter, P., and Dawid,
I.B. (1998a). Zebrafish nodal-related genes are implicated in axialassociated with a restricted loss of shh expression. Dev. Biol. 211,
53–63. patterning and establishing left-right asymmetry. Dev. Biol. 199,
261–272.Inoue, A., Takahashi, M., Hatta, K., Hotta, Y., and Okamoto, H. (1994).
Developmental regulation of islet-1 mRNA expression during neu- Rebagliati, M.R., Toyama, R., Haffter, P., and Dawid, I. (1998b).
cyclops encodes a nodal-related factor involved in midline signaling.ronal differentiation in embryonic zebrafish. Dev. Dyn. 199, 1–11.
Proc. Natl. Acad. Sci. USA 95, 9932–9937.Inoue, T., Nakamura, S., and Osumi, N. (2000). Fate mapping of the
mouse prosencephalic neural plate. Dev. Biol. 219, 373–383. Rohr, K.B., and Concha, M.L. (2000). Expression of nk2.1a during
early development of the thyroid gland in zebrafish. Mech. Dev. 95,Kalderon, D. (2000). Transducing the Hedgehog signal. Cell 103,
267–270.371–374.
Rubenstein, J.L., and Beachy, P.A. (1998). Patterning of the embry-Karlstrom, R.O., Talbot, W.S., and Schier, A.F. (1999). Comparative
onic forebrain. Curr. Opin. Neurobiol. 8, 18–26.synteny cloning of zebrafish you-too: mutations in the hedgehog
target gli2 affect ventral forebrain patterning. Genes Dev. 13, Rubenstein, J.L.R., Shimamura, K., Martinez, S., and Puelles, L.
(1998). Regionalization of the prosencephalic neural plate. Annu.388–393.
Rev. Neurosci. 21, 445–477.Kimura, S., Hara, Y., Pineau, T., Fernandez-Salguero, P., Fox, C.H.,
Ward, J.M., and Gonzalez, F.J. (1996). The T/ebp null mouse: thyroid- Saijoh, Y., Adachi, H., Sakuma, R., Yeo, C.Y., Yashiro, K., Watanabe,
M., Hashiguchi, H., Mochida, K., Ohishi, S., Kawabata, M., et al.,specific enhancer-binding protein is essential for the organogenesis
of the thyroid, lung, ventral forebrain, and pituitary. Genes Dev. 10, (2000). Left-right asymmetric expression of lefty2 and nodal is in-
duced by a signaling pathway that includes the transcription factor60–69.
FAST2. Mol. Cell 5, 35–47.Kishimoto, Y., Lee, K.-H., Zon, L., Hammerschmidt, M., and Schulte-
Merker, S. (1997). The molecular nature of zebrafish swirl: BMP2 Sampath, K., Rubinstein, A.L., Cheng, A.M.S., Liang, J.O., Fekany,
K., Solnica-Krezel, L., Korzh, V., Halpern, M., and Wright, C.V.E.function is essential during early dorsoventral patterning. Develop-
ment 124, 4457–4466. (1998). Induction of the zebrafish ventral brain and floorplate re-
quires cyclops/nodal signaling. Nature 395, 185–189.Kohtz, J.D., Baker, D.P., Corte, G., and Fishell, G. (1998). Regional-
ization within the mammalian telencephalon is mediated by changes Schauerte, H.E., van Eeden, F.J.M., Fricke, C., Odenthal, J., Stra¨hle,
U., and Haffter, P. (1998). Sonic hedgehog is not required for thein responsiveness to Sonic Hedgehog. Development 125, 5079–
5089. induction of medial floor plate cells in the zebrafish. Development
125, 2983–2993.Krauss, S., Concordet, J.-P., and Ingham, P. (1993). A functionally
conserved homolog of the Drosophila segment polarity gene hh is Schier, A.F., Neuhauss, S.C., Harvey, M., Malicki, J., Solnica-Krezel,
L., Stainier, D.Y., Zwartkruis, F., Abdelilah, S., Stemple, D.L., Rangini,expressed in tissues with polarizing activity in zebrafish embryos.
Cell 75, 1431–1444. Z., et al., (1996). Mutations affecting the development of the embry-
onic zebrafish brain. Development 123, 165–178.Macdonald, R., Barth, K.A., Xu, Q., Holder, N., Mikkola, I., and Wil-
son, S.W. (1995). Midline signaling is required for Pax gene regula- Schier, A.F., and Shen, M.M. (2000). Nodal signaling in vertebrate
development. Nature 403, 385–389.tion and patterning of the eyes. Development 121, 3267–3278.
Masai, I.M., Stemple, D.L., Okamoto, H., and Wilson, S.W. (2000). Schier, A.F., Neuhauss, S.C., Helde, K.A., Talbot, W.S., and Driever,
W. (1997). The one-eyed pinhead gene functions in mesoderm andMidline signals regulate retinal neurogenesis in zebrafish. Neuron
27, 251–263. endoderm formation in zebrafish and interacts with no tail. Develop-
ment 124, 327–342.Meno, C., Gritsman, K., Ohishi, S., Ohfuji, Y., Heckscher, K., Mo-
chida, A., Shimono, A., Kondoh, H., Talbot, W.S., Robertson, E.J., Schmid, B., Furthauer, M., Connors, S.A., Trout, J., Thisse, B.,
Thisse, C., and Mullins, M.C. (2000). Equivalent genetic roles foret al., (1999). Mouse Lefty2 and zebrafish antivin are feedback inhibi-
tors of nodal signaling during vertebrate gastrulation. Mol. Cell 4, bmp7/snailhouse and bmp2b/swirl in dorsoventral pattern forma-
tion. Development 127, 957–967.287–298.
Mione, M., Shanmugaligam, S., Kimelman, D., and Griffin, K. (2001). Shimamura, K., and Rubenstein, J.L.R. (1997). Inductive interactions
direct early regionalization of the mouse forebrain. DevelopmentOverlapping expression of zebrafish T-brain-1 and eomesodermin
during forebrain development. Mech. Dev. 100, 93–97. 124, 2709–2718.
Shimizu, T., Yamanaka, Y., Ryu, S.L., Hashimoto, H., Yabe, T., Hirata,Mu¨ller, F., Albert, S., Blader, P., Fischer, N., Hallonet, M., and Stra¨hle,
U. (2000). Direct action of the Nodal-related signal Cyclops in induc- T., Bae, Y.K., Hibi, M., and Hirano, T. (2000). Cooperative roles of
Bozozok/Dharma and Nodal-related proteins in the formation of thetion of sonic hedgehog in the ventral midline of the CNS. Develop-
ment 127, 3889–3897. dorsal organizer in zebrafish. Mech. Dev. 91, 293–303.
Sirotkin, H., Gates, M.A., Kelly, P.D., Schier, A.F., and Talbot, W.S.Murone, M., Rosenthal, A., and deSauvage, F.J. (1999). Sonic hedge-
hog signaling by the patched-smoothened receptor complex. Curr. (2000a). Fast1 is required for the development of dorsal axial struc-
tures in zebrafish. Curr. Biol. 10, 1051–1054.Biol. 9, 76–84.
Nomura, M., and Li, E. (1998). Smad2 role in mesoderm formation, Sirotkin, H.I., Schier, A.F., and Talbot, W.S. (2000b). bozozok and
Nodal Signaling and Forebrain Patterning
351
squint act in parallel to specify dorsal mesoderm and anterior neu-
roectoderm. Development 127, 2583–2592.
Song, J., Oh, S.P., Schrewe, H., Nomura, M., Lei, H., Okano, M.,
Gridley, T., and Li, E. (1999). The type II activin receptors are essen-
tial for egg cylinder growth, gastrulation, and rostral head develop-
ment in mice. Dev. Biol. 213, 157–169.
Stra¨hle, U., Jesuthasan, S., Blader, P., Garcia-Villalba, P., Hatta, K.,
and Ingham, P.W. (1997). one-eyed pinhead is required for develop-
ment of the ventral midline of the zebrafish (Danio rerio) neural tube.
Genes Funct. 1, 131–148.
Strimmer, K., and von Haeseler, A. (1996). Quartet puzzling: a quartet
maximum likelihood method for reconstructing tree topologies. Mol.
Biol. Evol. 13, 964–969.
Sussel, L., Marin, O., Kimura, S., and Rubenstein, J.L. (1999). Loss
of Nkx2.1 homeobox gene function results in a ventral to dorsal
molecular respecification within the basal telencephalon: evidence
for a transformation of the pallidum into the striatum. Development
126, 3359–3370.
Thisse, C., and Thisse, B. (1999). Antivin, a novel and divergent
member of the TGFb superfamily, negatively regulates mesoderm
induction. Development 126, 229–240.
Thisse, B., Wright, C.V.E., and Thisse, C. (2000). Activin and Nodal-
related factors control antero-posterior patterning of the zebrafish
embryo. Nature 403, 425–428.
Toresson, H., Martinez-Barbera, J.P., Bardsley, A., Caubit, X., and
Krauss, S. (1998). Conservation of BF-1 expression in amphioxus
and zebrafish suggests evolutionary ancestry of anterior cell types
that contribute to the vertebrate telencephalon. Dev. Genes Evol.
208, 431–439.
van Eeden, F.J., Granato, M., Schach, U., Brand, M., Furutani-Seiki,
M., Haffter, P., Hammerschmidt, M., Heisenberg, C.P., Jiang, Y.J.,
Kane, D.A., et al., (1996). Mutations affecting somite formation and
patterning in the zebrafish, Danio rerio. Development 123, 153–164.
Varga, Z.M., Wegner, J., and Westerfield, M. (1999). Anterior move-
ment of ventral diencephalic precursors separates the primordial
eye field in the neural plate and requires cyclops. Development 126,
5533–5546.
Varlet, I., Collignon, J., and Robertson, E.J. (1997). nodal expression
in the primitive endoderm is required for specification of the anterior
axis during mouse gastrulation. Development 124, 1033–1044.
Watanabe, M., and Whitman, M. (1999). FAST-1 is a key maternal
effector of mesoderm inducers in the early Xenopus embryo. Devel-
opment 126, 5621–5634.
Wilson, S.W., and Rubenstein, J.L.R. (2000). Induction and dorso-
ventral patterning of the telencephalon. Neuron 28, 641–651.
Zhang, J., Talbot, W.S., and Schier, A.F. (1998). Positional cloning
identifies zebrafish one-eyed-pinhead as a permissive EGF-related
ligand required during gastrulation. Cell 92, 241–251.
GenBank Accession Number
The accession number for the nk2.1b gene discussed in this paper
is AF321112.
